A binocular stimulus that arises when two black frontal plane surfaces located at different depths have a gap between them for one eye but not for the other eye is interesting since the gap is monocular--it has no matching contours in the other eye--and yet binocular processes resolve a depth step effortlessly (Vision Research, 39, 493). In two experiments we investigate the processes and constraints underlying this depth resolution by varying the width of the solid image (the one without the gap) and the shape of the gap. The results show that the processes underlying monocular gap stereopsis can handle a situation in which the images of two surfaces in depth are effectively overlapping for one eyeÕs view with the other eye seeing between them and that binocular depth is seen even when there is no disparity present. We also show that under ecologically appropriate conditions, depth curvature and warping can result when the monocular gap has a curved or warped edge. Both these experiments imply that the visual system responds to the ambiguity of the stimulus by adopting a minimum slant constraint.
Introduction
In natural scenes, surfaces located between the viewer and a more distant surface may occlude a region of the rear surface for one eye but not for the other (Da Vinci, ca. 1508; Galen, ca. 175) . Despite 170 years of intense research into stereopsis there has been little scientific interest in the role of these occluded regions in binocular vision. Until recently these areas, if dealt with at all, were treated as noise in a stereoscopic system based entirely on matched images (Brewster, 1844 ; and for a discussion see Gillam & Borsting, 1988) . A body of demonstrations and psychophysical results has now accumulated however indicating that the human visual system is capable of exploiting constraints on possible spatial layouts imposed by the presence and location of monocular regions (Anderson, 1994; Anderson & Julesz, 1995; Gillam, Blackburn, & Nakayama, 1999; Gillam & Borsting, 1988; von Szily, 1921 von Szily, , translated 1998 . 1 Depth responses based on unpaired regions can be usefully divided into three major categories. The first is ''da Vinci stereopsis'' a term introduced by Nakayama and Shimojo (1990) to describe the depth perceived in an unpaired element distally temporal to a binocular surface. Da Vinci (1508) pointed out that surfaces in the visual field more distant than a near surface have a region on the temporal side of the near surface that only one eye can see. Thus, seeing a monocular element that is in temporal proximity to a binocular surface as further than the surface ''accounts for'' its monocular status (Nakayama & Shimojo, 1990; Ono, Shimono, & Shibuta, 1992) . While there is no doubt that there is a qualitative sense that a monocular element in a da Vinci arrangement is generally seen as farther than the binocular surface (Ono et al., 1992) , the original claim that perceived depth increases with increased lateral placement of the monocular element (Nakayama & Shimojo, 1990) has been questioned (Gillam & Cook, in press ). Quantitative depth for monocular elements in da Vinci regions seems to require that they be attached to the binocular surface as in the von Szily figures (von Szily, 1921 (von Szily, , translated 1998 .
A second phenomenon arising from the presence of unpaired regions in binocular arrays is the creation by the visual system of a ''phantom'' occluding surface in the presence of monocular regions. (Anderson, 1990; Liu, Stevenson, & Schor, 1994; Nakayama & Shimojo, 1990) . This is a corollary of da Vinci stereopsis in that if no binocular surface is present next to a uniocular element to account for its monocular occlusion the visual system may construct one, especially if the presence of an occluding surface would account for several monocular elements in a binocular array or if the unpaired elements extrude vertically from the binocular configuration (Anderson & Julesz, 1995) . The depth of phantom occluders can be roughly quantitatively related to the extent of the monocular element but the degree of depth is not geometrically predictable from this width in a precise way when conventional disparity is carefully excluded Grove, Gillam, & Ono, 2002) .
The present article is concerned with a third form of depth perception arising from unpaired regions in binocular displays that has produced the best evidence so far for highly predictable metric depth at locations where no disparity is present, and depth is based on the use of information provided by monocular elements. This form has been called ''unpaired background stereopsis'' ), but we shall refer to it here by the more descriptive term ''monocular gap stereopsis''. Studies of this phenomenon have produced the best evidence so far of highly predictable metric depth at locations where no disparity is present . It arises when one image of a binocular shape of solid color (e.g. a black rectangle) contains a vertical monocular gap, which is continuous with the background in colour and luminance (this is an essential requirement, Grove et al., 2002) whereas the other eye sees the shape as solid (with no gap). On fusion of these images two surfaces are seen with a depth step between them. This phenomenon differs from the two phenomena described above in that the monocular element (the gap) is not itself seen in depth and no phantom surface is seen. The depth signal generated by these monocular gap stimuli can be as effective at generating a depth signal as a stimulus containing a binocular gap (Pianta & Gillam, 2003) .
How can this phenomenon be understood ecologically? Consider that a monocular gap will occur in images of a scene when two surfaces are separated in depth so that one eye can see between them and the other eye cannot, a not uncommon circumstance in normal binocular viewing (see Fig. 1 (A) for a birdÕs-eye-view of this stimulus situation). If the surfaces were textured, the depth step could be conveyed by conventional disparity information. The stereogram in Fig. 1(B) shows however that this is not necessary. When this stereogram is fused, two surfaces are seen with a depth step located at a central gap despite the fact that the only disparity present is at the left and right edges of the entire fused configuration. Conventional stereoscopic theory would predict that a single slanted surface would be seen based on the disparity of the edges and that the monocular gap, having no match in the other eye, would not participate in stereoscopic processes and would appear in a state of rivalry. If however we ignore conventional disparity-based stereopsis and base our analysis purely on the ecological geometry of the situation, it is clear that a monocular gap in one eyeÕs image of an otherwise fusible shape could only arise when there are two surfaces present that are separated in depth. (A gap would always be seen in both eyes if two surfaces were separated BirdÕs-eye-view of two black frontal-plane panels located at different depths seen in front of a white background. The inner edges of the panels are abutting for the LE, but part of the white background is visible through a gap between the panels for the RE. LE and RE views of this situation are shown beneath the eyes and can be fused as a stereogram. (Redrawn from Fig. 1 in within the same depth plane.) Thus the presence of a monocular gap, if incorporated into the scene interpretation by some means, would constrain the binocular interpretation to include two distal surfaces and a depth step between them. The difference from regular stereoscopic viewing of two surfaces separated in depth is that in this case the depth step is camouflaged in one eyeÕs view, eliminating the disparity. How does the visual system recover it? This is the subject of the present article.
As mentioned earlier, in Fig. 1 (B) the only traditional disparity information is the difference in the width of each eyeÕs total image. This disparity determines the relative depth of the outer edges of the panels. The gap indicates the presence of two surfaces separated in depth. The depth between the inner edges on either side of the gap, however, and hence the overall surface layout, is not constrained. In fact, there are an infinite number of depth and slant combinations of two surfaces that are consistent with these images. Therefore, even if the gap is taken to indicate the presence of two surfaces with a signed depth step between them, the visual system must apply some form of constraint to arrive at a stable solution.
An indication of what these constraints might be can be construed from subjectsÕ responses in the experiment of using images such as those shown in Fig. 1(B) where the solid black panel has the combined width of the two black panels in the contralateral eye. Depth was found to vary with gap width as if a depth signal similar to a disparity were generated there. Such a signal could be derived by treating the solid image as an amalgam of two images (as geometrically required by the presence of the gap in the contralateral eye) and imposing the following constraints on the parsing of the solid image into two components. These are an abutting constraint and an equal width constraint. The abutting constraint takes the components of the solid image to be abutting rather than overlapping each other at their inner edges. This is supported (but not required) by the fact that the horizontal outer edge disparity of the entire configuration is equal to the gap width. The abutting constraint accounts for the fact that the depth is metrically predicted by the gap since if the solid image is treated as two components with a separation of zero, disparity would be the gap minus zero. The equal width constraint entails parsing the solid image into components of equal width. This is supported (although not required) by the central location of the gap in the contralateral eye. The equal width constraint accounts for the fact that two frontal plane rectangles are seen and not slanted ones, since this constraint means that each abutting half of the solid panel is equal to the width of one of the separate panels in the contralateral eye. These two constraints together account for the findings. Without constraints such as these, a variety of slanted rectangles and depth separations either abutting or overlapping could be seen. It is interesting that no subject has reported seeing these possibilities for this stereogram.
The constraints described above, however, are not the only possible basis for the depth interpretation of these stereograms. The depth at the gap is not necessarily due to an implicit disparity signal there. Although seeing a depth step in the center of the figure depends on the presence of the monocular gap, depth magnitude may be entirely attributable to the disparity present at the outer edges of the configuration. The gap may serve only to locate the depth step. The magnitude of the depth obtained by can be accounted for by assuming that a frontal plane constraint is applied to each surface, extrapolating the depth from the edges of the fused figure to the lines of sight representing the gap. This would completely account for the magnitude and location of depth seen at the gap.
Either of the above explanations would involve binocular depth processing very different from conventional stereopsis. In neither case does depth depend on physical disparity at the location of seen depth. In the first account, an implicit disparity signal is posited at the location of the gap equal to the gap width and derived from a parsing of the solid image into two implicit abutting components. In the second account, a depth signal generated at a physical disparity (at the left and right edges) is transported to a different location--a perceived central gap. It is not however possible to discriminate between these possibilities using the stimuli used in the first experiment of since the gap width was always equal to the outer edge disparity.
In this article we explore further the issue of whether, and under what conditions, depth derives from the gap, the outer edge disparity, or both. We use novel conditions that allow us to discriminate among the possible constraints such as the abutting/equal width constraint and the frontal plane constraint. In the first experiment we manipulate the outer edge disparity, and in the second experiment we manipulate the shape of the monocular gap. A preliminary report of these results has been presented (Pianta & Gillam, 2000) .
Experiment 1: Manipulation of outer edge disparity with gap width constant
In this experiment we kept the gap and the size of the two separate panels surrounding the gap constant and manipulated the width of the solid panel in the other eye. This allowed us to separate the effects of the gap width and outer edge disparity on perceived depth at the gap. In this way we hoped to determine the constraints adopted by the visual system in resolving the ambiguity of these stimuli.
Examples of the conditions used are shown in Fig.  2 (A)-(C). In the first condition ( Fig. 2(A) ) we used, as in previous work, stimuli in which the width of the solid panel in one eye equals the sum of the widths of the two panels in the other eye, without including the gap. The degree of outer edge disparity for the entire stimulus in this case equals the gap width. Fig. 3(A) shows the geometry of this situation. As mentioned earlier, subjects see the fused stimulus in this case as two frontal plane rectangles separated by a depth predicted from the outer edge disparity which also equals the gap width. Recall that the two possible sources of depth (gap and outer edge disparity) and the possible constraints relying on them are confounded in this situation.
In two further conditions, outer edge disparity and gap width are different, so that the different constraints predict different depths. The second condition (Fig.  2(B) ) was previously used by in a study measuring surface slant rather than depth. In this case, for each gap width, the width of the solid panel in the contralateral eye was made equal to the sum of the widths of the panels in the other eye, plus the gap width. Thus, outer edge disparity was eliminated. Fig. 3(B) shows the geometry of this situation. It can be seen that if the abutting/equal width constraint is applied here, both surfaces will appear to slant equally away on the side of the solid panel and the depth step will be predictable from treating the gap as a disparity. Slant is entailed in any parsing of the solid panel since it is wider than the combined widths of the separate panels in the other eye. The frontal plane constraint predicts no depth, since there is no disparity at the outer edges of the configuration to be extrapolated. In any case, it can be seen from Fig. 3 (B) that a frontal plane solution is not geometrically compatible with the presence of the monocular gap.
The third stimulus we used ( Fig. 2(C) ) is a critical and novel one in which the width of the solid panel was always the sum of the widths of the two panels in the other eye, minus the gap width. This means that the outer edge disparity is twice the width of the gap. An application of the abutting constraint to the solid panel is shown in Fig. 3(C) . It can be seen that this constraint geometrically requires that at least one of the surfaces be seen as slanted towards the eye with the solid panel since the condition, the predicted percept is of two approximately parallel slanted surfaces separated by a depth step. The magnitude of the depth step is similar to that seen in (B). However, if a frontal plane constraint is applied as described above for condition (A), the predicted percept is of two frontal plane surfaces (shown as a dashed line) separated by a depth step twice that seen in (A).
width of the solid panel is less than the sum of the widths of the separate panels in the other eye. A frontal plane solution where the depth of each surface is extrapolated from the outer edge disparity to the gap is consistent with the stimulus situation. The important feature of this stimulus is that imposing a frontal plane constraint in this way will result in twice the depth that would arise from imposing the abutting constraint to the solid panel and treating the gap as disparity. Thus this configuration allows the two types of constraint we proposed in the introduction to be discriminated. Of additional interest is the fact that the frontal plane solution in this case implies a stimulus situation in which the two distal surfaces in depth have images that are overlapping for one eye, while the gap between the images is visible for the other eye ( Fig. 3(C) ). If a distal solution is possible, which geometrically implies that the solid panel is composed of two overlapping panels, it would seem most likely to occur in case C where it is supported by the frontal plane constraint. (Such solutions are also possible for conditions A and B but would involve greater slants than abutting solutions and do not seem to occur.)
To summarize the predictions: the two sets of constraints described above predict different percepts for different conditions. The abutting/equal width constraint leads to the prediction that the inner edges of the surfaces will always have a depth consistent with a disparity equal to the width of the gap. When the outer edge disparity is altered so that it does not match the width of the gap, the depth at the gap will not change if an abutting constraint is applied, but the two surfaces should appear slanted to account for the difference between the physical disparity signal at the outer edges of the configuration and the implicit disparity signal at the gap. Unlike the abutting constraint the frontal plane constraint is only consistent with the stimulus if the outer edge disparity is equal to or greater than the gap width. If the gap width were greater than the outer edge disparity, frontal planes extrapolated to the lines of sight representing the gap in one eye would not completely camouflage the gap in the other eye. When the outer edge disparity is equal to the gap width the predicted depth will be the same as for the abutting constraint. However, when the solid panel is narrower than the combined width of the separate panels (the outer edge disparity is greater than the gap width) the depth predicted by this constraint is greater than that predicted for the abutting constraint.
Method
The apparent depth elicited by unpaired background stereograms was matched with the depth elicited by a true stereoscopic probe. The stimuli were presented on a Mag MX17s monitor at a resolution of 1024 Â 768 pixels using a Power Macintosh. Stimuli were drawn in black on a white background and were viewed through a Wheatstone stereoscope with a viewing distance of 1 m. The stimulus making up one half of the test stereogram consisted of a pair of rectangles, each 170 arc min high and 85 arc min wide (we call this width a, see Fig. 4 (A)), separated by a variable width gap (2.9-17.4 arc min in six equal steps; we call the gap width b, see Fig. 4(A) ). The stimulus for the other half of the stereogram consisted of a solid rectangle 170 arc min high, with three different widths: 2a, the sum of the widths of the two separate rectangles, where the disparity of the outer edges is b (Figs. 2(A) and 3(A) ); 2a þ b, the sum of the widths of the two rectangles plus the width of the gap, where the disparity of the outer edges is zero (Figs. 2(B) and 3(B)); and 2a À b, the sum of the widths of the two rectangles minus the width of the gap, where the disparity of the outer edges is 2b (Figs. 2(C) and 3(C) ). The stimulus with the gap was presented equally often to the left eye (LE) and right eye (RE).
The probe stereogram was positioned directly below the test stereogram (with a vertical separation of 85 arc min). Both halves of the stereogram consisted of two rectangles (170 arc min high by 85 arc min wide) separated by a gap of 2.9 arc min. Disparity (b Ã , see Fig.  4 (B)) was introduced by increasing the gap on either side of the stereogram. Observers could freely adjust the disparity by moving the computer mouse; moving it forward increased the disparity, moving it back decreased it. The observerÕs task was to use a method of adjustment to set the depth seen at the gap in the lower stereogram to match the depth seen at the gap in the upper stereogram. On each trial, observers waited several seconds for the full depth percept to develop, and then used another several seconds to make their depth setting. When satisfied with their setting they clicked the mouse to move on to the next trial. Each combination of gap width (2.9, 5.8, 8.7, 11.6, 14.5 or 17.4 arc min), eye receiving the gap stimulus (left or right), and width of the solid rectangle (2a, 2a þ b or 2a À b) was repeated five times for a total of 180 trials. The experiment was conducted in three sessions, with the trials randomized in each.
Observers participating in this experiment had normal stereoscopic vision as measured by a Stereo Vectagraph test, and used their habitual refractive correction. Observers SGB and PG were experienced with this task; API and TSC were na€ ı ıve.
Results and discussion
The results for the 2a condition are shown in Fig.  5(A) . The solid line with unit slope indicates the predicted depth settings if the width of the gap is treated as a normal disparity (i.e. it indicates that the disparity set with the stereoscopic probe matches the width of the gap). The data for all observers lie close to this prediction. This result confirms the findings of Experiment 2 from and is consistent with parsing of the solid panel into two abutting regions of equal width that are matched with the two panels in the other eye with the gap acting as a disparity.
2 However, the results are also consistent with extrapolation of the depth at the outer edges to the inner edges of the gap using a frontal plane constraint. It is necessary to turn to the other two conditions to differentiate between these possibilities. Fig. 5(B) shows the results for the 2a þ b condition, in which the outer edge disparity has been eliminated. Again, the solid line with unit slope indicates the depth settings predicted if the gap is treated as a disparity. It is clear that the data fall short of this prediction for observers SGB and API, and fall short at larger gap widths for TSC. It may have been more difficult for subjects to match the probe to the depth at the gap in this condition since the probe was always in the frontal plane whereas the test stimulus appeared slanted as predicted by the geometry shown in Fig. 3(B) and measured in the experiment of . Note that this slant cannot be due to a conventional type of disparity--there is none. Despite this, the visual system is capable of performing the task of surface layout recovery, taking into account the presence of the gap in a sensible way.
The results obtained for stimuli with the 2a À b configuration discriminate most clearly between these possible constraints that are confounded for the 2a configuration. The predicted depth based on the abutting/equal width constraint (based on the gap disparity) is approximately the same as the depth predicted for the 2a condition. However, the predicted depth for the frontal plane constraint (based on the outer edge disparity) is approximately twice the depth predicted in the 2a condition. Fig. 5(C) shows the results. Subjects reported seeing two frontal plane surfaces in this condition just as in the 2a condition. The solid line for this condition however has a slope of two, in agreement with the prediction that disparity is extrapolated, using a frontal plane constraint, from the outer edge disparity to the perceived gap. It is clear that the data are very close to this prediction for all observers. This strongly implies that the visual system is using a frontal plane constraint rather than an abutting constraint, which would produce a slope of one when depth is plotted as a function of gap.
We repeated the measurement of depth for the three conditions used in this experiment (outer edge disparities of 2a, 2a þ b and 2a À b) with a different subject using a different probe. The probe consisted of two thin vertical lines whose visual angle height and separation was the same as the previous probe. The test stimuli also had the same visual angle dimensions, but were presented at twice the distance. Gap sizes were equivalent to disparities of )6 to +6 arc min. The probe was placed so that when fused it appeared directly under the center of the fused test stimulus so that the probe lines appeared directly under the gap. As in Experiment 1 the subjects were asked to match the depth at the gap using the probe. There were eight replications per condition. The results are shown in Fig. 6 . They replicate perfectly the findings of the three subjects used in the previous experiment, namely that depth seen at the gap was twice as great for edge disparities of 2a À b compared to edge disparities of 2a, and that when there was no outer edge disparity (2a þ b condition) depth was nevertheless seen at the gap in the predicted direction and also increased as a function of gap width, but was attenuated in magnitude relative to the depth seen in the other two cases. These findings make it unlikely that the data from the earlier experiment can be accounted for by supposing that subjects were matching depth at the edges of the configuration rather than at the gap as instructed. The fact that greater depth is seen at the gap for a greater outer edge disparity is a particularly interesting result in that it indicates for the first time that the visual system is able to resolve a situation equivalent to two surfaces in depth whose images are separate in one eye and overlapping in the other, with complete monocular camouflage of the overlap. Couched in terms of conventional disparity it is as if the edges of the monocular gap are each congruent with different non-existent contours in the other eye. More will be said about this in the general discussion.
Experiment 2: Manipulation of the shape of the gap
Experiment 1 showed that the response to monocular gap stimuli is not simple. One obvious conclusion is that the depth seen cannot be accounted for solely on the basis of the physical disparity present. The monocular gap is always used as information about spatial layout.
Regardless of disparity elsewhere in the stimulus, it indicates the presence of two distal surfaces separated in depth at their inner edges. The location of the inner edges, the magnitude of the depth step and the slant or otherwise of the two surfaces are not specified by the information present and depend on some combination of the dimensions of the gap, disparity information at the edges of the figure and imposed constraints. Experiment 1 showed that if outer edge disparity combined with a frontal plane constraint can fully account for the stimulus information, this constraint will be adopted, allowing extrapolation from the outer edge disparity to the gap where the depth discontinuity is perceived. When there is no outer edge disparity the only resolution consistent with the presence of the monocular gap is two surfaces with a depth step between them at least one of which is slanted. The depth seen at the gap in this case is less predictable than when supported by outer edge disparity, but it is in the predicted direction and does vary with gap width, indicating that the monocular gap can have an effect similar to a disparity under some circumstances.
In Experiment 2 we examined depth responses to the monocular gap in interaction with outer edge disparity in a different way. If the gap can act like a disparity in the sense that it can determine the magnitude of the depth seen, then it should be possible, by varying the width of the gap within a single stereogram, to produce variations in the depth at the edges of surfaces defining the gap. In Experiment 2 we explored this possibility using stimuli similar to those in Experiment 1 except that one side of the gap was either curved or warped keeping the other side vertical (see Fig. 7 ). The critical factor for seeing depth curvature at the curved edge of a surface bordering the gap is whether the total stimulus on the two eyes is consistent with the existence of a curved surface edge for that surface in both eyes (in which case depth curvature will not be seen) or whether this information implies a curved edge on one eye and a vertical edge of the congruent surface in the other eye. This would lead to perception of depth curvature. For any given gap configuration the width of the solid panel determines which of these alternatives is the case, as explained in more detail below.
The degree of curvature or warp and a pedestal gap width were varied and for each gap width two widths of the solid panel in the contralateral eye were used. Different predictions can be made concerning the presence of depth curvature/warp for different widths of the solid panel. In one set of stimuli (Fig. 7(B) and (E)) the solid panel was narrow so that outer edge disparity was larger than the maximum gap width (similar to the 2a À b condition in Experiment 1). This stimulus is consistent with distal surfaces in the frontal plane whose images overlap for one eye (the eye with the solid panel) while the other eye (the one with two panels) can see between Fig. 6 . Results of a subsidiary experiment with stimuli similar to those used in Experiment 1 but with a probe consisting of two closely spaced thin lines placed immediately beneath the gap in the test stimulus. Results using the line probe are very similar to those obtained using the box probe of Experiment 1. them. Given overlapping images it is quite possible that the non-visible (implicit) image of the curved surface edge is also curved (although it could of course have any shape) and there is therefore no compelling stimulus reason to see curvature or warp in depth at that edge. If a frontal plane constraint is adopted in this case the depth will be determined entirely by the outer edge disparity as in the overlapping condition of Experiment 1. On the other hand if an abutting constraint were adopted (the solid panel treated as two equal and abutting rather than overlapping panels) the outcome should be some combination of slant and warping/ bulging at the gap. On the basis of the results for the 2a À b condition in Experiment 1, which showed that the visual system is able to arrive at a distal solution implying camouflaged overlapping frontal plane images in one eye, we expected a frontal plane solution rather than an abutting solution to be adopted in this case.
In the second set of stimuli ( Fig. 7(A) and (D)) the solid panel was wider so that outer edge disparity was equal to the minimum gap width (similar to the 2a condition of Experiment 1). Only the minimum gap was consistent with a frontal plane constraint (see the analysis introducing Experiment 1). For other parts of the gap, the gap width was greater than the outer edge disparity. As for the 2a þ b condition in Experiment 1 the surface must be slanted to account for these latter gap/disparity relationships. The depth at the gap would thus be expected to increase or decrease as curvature or warp increases or decreases the gap width. Thus curvature or warping in depth might occur under these conditions.
Method
The apparent depth and surface curvature seen with monocular gap stereograms was matched with the depth and surface curvature seen with a stereoscopic probe (Fig. 7(C) and (F) ). The stimuli were presented on an Apple Multiple Scan 720 display at a resolution of 1024 Â 768 pixels using a Power Macintosh. Stimuli were drawn in black on a white background and were viewed through a Wheatstone stereoscope with a viewing distance of 3.3 m.
Two types of stimuli were used: a bulge, in which the arc of a circle formed one edge of the gap, and a warp, in which one edge of the gap was angled (see Fig. 7 for demonstrations). The stimulus and probe used for the bulge are shown in Fig. 8 . The stimulus making up one half of the test stereogram consisted of a pair of bounding rectangles 60 arc min high and a maximum of 30 arc min wide (a in Fig. 8(A) ), separated by a gap (b in Fig. 8(A) , 6 and 12 arc min). The inner edge of one of these rectangles was formed by an arc with variable sag (c in Fig. 8(A) , 0.0, 2.4 and 4.8 arc min), and was either convex (+ve bulge) or concave ()ve bulge). For a convex bulge (shown), the width of the gap narrowed from b at the top and bottom to b À c in the middle; the opposite was true for the concave bulge. The stimulus for the other half of the stereogram consisted of a solid rectangle 60 arc min high, and with widths of either 2a, the sum of the widths of the two bounding rectangles or 2a À b, the sum of the widths of the two rectangles minus the maximum width of the gap. The 2a condition results in an outer edge disparity of ð2a À c þ bÞ À ð2aÞ ¼ b À c (the minimum gap width), whereas the 2a À b condition results in an outer edge disparity of ð2a À c þ bÞ À ð2a À bÞ ¼ 2b À c (the sum of the minimum and maximum gap widths). The warp stimuli had the same size bounding rectangles, and the angled line traversed a horizontal distance equal to c so that the gap width narrowed linearly from b at the bottom (+ve warp) or top ()ve warp) to b À c at the top or bottom, respectively.
The stimulus containing the gap was presented equally often to the LE and RE, and the curved or angled edge was presented equally often on the left and right side of the gap. The probe stereogram is shown in Fig. 8 separated by a gap of width g (2.4 arc min). One edge of the gap on both sides of the stereogram was curved or tilted. The degree of bulge/warp ðc Ã Þ was freely adjustable by the observer: moving the mouse right increased it, moving it left decreased it. The value c in the other eye was fixed at the value c used in the test stimulus. Thus, setting the sag to zero resulted in the percept of a curved surface on one side of the stereoscopic probe, and setting the variable sag to be the same as the fixed value in the other eye resulted in the percept of a flat surface. To account for these counterintuitive values, the c Ã -values were normalized by calculating the difference between the fixed c-value and the variable c Ã -value. After normalization, a c Ã -value of zero resulted in the appearance of a flat surface, and a c Ã -value other than zero resulted in the appearance of a bulged/warped surface. Depth between the two rectangles was introduced by increasing the gap on one side of the stereogram by b Ã . Observers could freely adjust the disparity by moving the computer mouse: moving the mouse forward increased the disparity, and moving it back decreased it.
The observerÕs task was to use a method of adjustment to set the depth of the panels and the surface curvature at the gap of the lower probe stereogram to match the combination of depth and curvature seen at the gap in the upper test stereogram. The depth in this case referred to the depth difference between the panels, which results from Experiment 1 indicate should be seen in the frontal plane except where local depth curvature occurs. On each trial, observers waited several seconds for the full depth percept to develop, and then required another several seconds to make their settings. Depth and curvature adjustments could be made simultaneously, but observers generally found it easier to alternately adjust the depth and then the warp or curvature until a match was obtained. When satisfied with their setting they clicked the mouse to move on to the next trial. Each combination of b (6 or 12 arc min), c (0.0, 2.4 or 4.8 arc min), type of edge (bulge or warp), side of edge (left or right), direction of bulge/warp (+ve or )ve), eye receiving the gap stimulus (left or right), and width of the solid rectangle (2a or 2a À b) was repeated five times for observer MJP for a total of 960 trials, and three times for observers BJG and JMB for a total of 576 trials. The experiment was conducted in four sessions, with randomized trials in each.
Observers participating in this experiment had normal stereoscopic vision, and used their habitual refractive correction. Observers MJP and BJG are authors; JMB was na€ ı ıve.
Results and discussion
The depth estimates obtained in this experiment may be based on a number of stimulus parameters. The symbols in Fig. 9 plot the predicted depth (d) for all of the stimulus parameters used in this experiment. Each panel shows predictions based on a different stimulus parameter: minimum gap width (A), maximum gap width (B), and outer edge disparity (C). Predictions based on the minimum gap width lie on a line that passes through the origin with unit slope ðd ¼ b À cÞ because the predicted depth is equal to the minimum gap width. There is no difference in the prediction for the 2a and 2a À b conditions (the data points in the figure have been displaced slightly). The prediction derived using the maximum gap width results in four possible depth values ðd ¼ bÞ that correspond to the four values of b used in the experiment ()12, )6, 6 and 12 arc min). As with the minimum gap predictions, there is no difference between the 2a and 2a À b conditions. Predictions based . The sag of the arc, c, specified the magnitude of the bulge; the magnitude of the warp was specified by the horizontal extent traversed by the angled line, c. A positive bulge corresponded to a convex arc, while a negative bulge was concave. For a positive warp the width of the gap increased towards the bottom of the stimulus, and for a negative warp the gap width decreased. The other side of the stereogram was a solid rectangle with width equal to either the sum of the widths of the separate bounding rectangles ð2aÞ or the sum of the widths of the separate bounding rectangles minus the minimum width of the gap ð2a À bÞ. (B) Both sides of the conventional probe stereogram consisted of two bounding rectangles (of width a) separated by a gap (of width g). Both sides of the stereogram had the same layout as the side of the test stereogram containing the gap. The disparity ðb Ã Þ and the magnitude of the bulge or warp ðc Ã Þ were freely adjustable by the observer. Maximum bulge in depth would be indicated by the subject setting c Ã to zero so that a straight line in the adjustable eye is matched to the curved line in the other eye. Zero bulge in depth would be indicated by setting c Ã to equal c in which case the curvature at the edge of the gap would be the same in the two eyes consistent with a curved edge in the frontal plane.
on outer edge disparity are more complicated. For the 2a condition, the prediction is the same as that obtained by using the minimum gap width (d ¼ b À c, a line of unit slope that passes through the origin) because the outer edge disparity is equal to the minimum gap width in this condition. For the 2a À b condition, the predictions also lie on lines with unit slope, but with four different y-intercepts ðd ¼ ðb À cÞ þ bÞ corresponding to the four values of b used in the experiment. These bvalues can be thought of as an outer edge disparity pedestal that results in a constant displacement of the line along the predicted depth axis.
Matched depth settings are shown in Fig. 10 for both the 2a condition (open symbols) and the 2a À b condition (filled symbols). The results are very similar for all observers, and for the bulge and warp stimuli. It is clear from the data that the observersÕ depth settings closely match the prediction based on outer edge disparity (indicated by the solid lines of unit slope). Therefore, the properties of the gap itself do not appear to be utilized in the derivation of depth for these stimuli. As for the 2a and 2a À b conditions for Experiment 1, the outer edge disparity was extrapolated using a frontal plane constraint.
The main interest in this experiment is in the bulge and warp results. Matched bulge and warp settings are shown in Fig. 11 for both the 2a condition (open symbols) and the 2a À b condition (filled symbols). The pattern of results is similar for all observers, and for the two stimulus types. However, there is a clear difference between the 2a and 2a À b conditions. The solid line that passes through the origin with unit slope indicates the prediction when the bulge or warp settings match the maximum predicted bulge or warp in depth. The data for the 2a condition lie close to this prediction, indicating that the observers perceive a surface curvature that is consistent with the curved or angled edge being fused with a vertical edge in the other eye. These results are consistent with the hypothesis that the monocular gap shape can influence depth and the hypothesis that the solid rectangle is parsed into two implicit rectangles that are fused with the two non-rectangular shapes in the other eye (the abutting constraint). However, the data for the 2a À b condition lie close to zero for all test stimulus bulge or warp values. These results indicate that the observers perceived the surface containing the bulge or warp as flat under these conditions, as predicted. These are the conditions consistent with overlapping images in the eye with the solid panel. This striking difference between the perceived surface curvature for the 2a and 2a À b conditions can be explained more precisely by the viewing geometry shown in Figs. 12 and 13. These figures show the geometry for two horizontal sections through the stimuli, either through the middle (A) or through the top or bottom (B). For simplicity in these figures, and based on the data presented in Experiment 1, and it is assumed that the rear panel is perceived as frontal. The range of possible slants for the front panel can then be determined, and is indicated by the double-headed arrow and the shaded area. We call this area the slant constraint zone, which is similar to the notion of a depth constraint zone introduced by Nakayama and Shimojo (1990) . For the 2a condition (Fig. 12) in a section through the middle of the stimulus, the slant constraint zone includes a frontal plane solution that is at one extreme of the slant constraint zone. However, the minimum-slant solution for the left panel in a section through the top or bottom of the stimulus is a slanted surface with its right edge nearer the observer, which is again at one extreme of the slant constraint zone. These are the solutions predicted by the abutting constraint in both cases. Combining these predicted depths and slants results in the percept of a bulging left panel positioned nearer than a flat right panel. The inner corners of the left panel appear to curl towards the observer.
For the 2a À b condition (Fig. 13 ) the solution for the left panel in a section through the top, middle or bottom of the stimulus always includes a frontal plane surface (which lies between either extreme of the slant constraint zone). This means that the combined percept is of a flat left frontal-plane panel positioned nearer than a flat right frontal-plane panel. Note that the frontal plane constraint applied in this condition results in the two surfaces that are overlapping for the LE. An abutting constraint cannot account for overlapping surfaces.
Thus, although an abutting constraint can account for the bulge and warp results in condition 2a, it cannot account for the lack of these in condition 2a À b. However, if the frontal plane constraint is broadened into a minimum slant constraint it can account for both results. The bulge and warp solutions are always such as to keep the slant of the surface to the minimum compatible with the geometry of the situation at each horizontal slice of the surface.
General discussion
In simple monocular gap stereograms, manipulation of the outer edge disparity showed first that when the outer edge disparity is equivalent to the width of the gap, the perceived depth between the two panels approximates the depth predicted from either the outer edge disparity or the width of the gap (since these parameters are equal). Second, it was shown that if the outer edge disparity is zero the panels appear slanted and the matched depth is somewhat less than predicted by the gap width. Third, it was shown that an outer edge disparity equal to twice the width of the gap results in depth matches that agree closely with depth predicted from the outer edge disparity.
Manipulations of the shape of the gap in monocular gap stereograms showed that matches to the relative depth between the two panels follow the pattern of depth predicted from the outer edge disparity. However, matches of the depth within the panels (i.e. surface curvature matches) are similar to those predicted from the shape of the gap for stimuli that result in the percept of panels in which their inner edges are adjacent for one eye, but no depth was seen within the panels when the width of the solid panel was such that the panels would be overlapping for the other eye.
These results confirm and extend the study of . They indicate that the visual system does not simply derive depth from either the outer edge disparity alone or from the width of the monocular gap alone, but that information from both these properties is combined in a way that is consistent with the geometry of the stimuli. The simplest way to account for the specific layout perceived is to postulate that the visual system uses the monocular gap to indicate the presence of two distal surfaces separated by a signed depth gap and then uses edge disparities and a minimum-slant constraint to determine the depth properties of the surface layout. Using this constraint, the resultant slant percept is the minimum level of slant (i.e. slant as close to the frontal plane as possible) consistent with the slant constraint zone, which is defined by the properties of the gap and the outer edge disparity together. In this way, the visual system appears to ''automatically'' switch from relying predominantly on the properties of the gap when the edge disparity is smaller than the size of the gap, to relying on edge disparity when the edge disparity is equal to or greater than the size of the gap. A minimum-slant constraint is in agreement with the lack of perspective in the stimuli, and such a solution represents a better ''generic view'' since the images of frontal-plane rectangles alter less with lateral changes in viewpoint than the images of slanted rectangles (Nakayama & Shimojo, 1992) . Alternatively, an abutting constraint can account for the conditions that result in non-overlapping panels, but is inconsistent with the conditions in which overlapping panels are implied.
Traditionally, it has been assumed that the fundamental type of depth information used by the visual system is disparity (the relative difference in position of an image feature in each eyeÕs image). The fundamental difficulty in computing disparity is that corresponding features in the two eyes must be identified. The dominance of this idea has meant that many models of stereoscopic vision have focused on the feature matching process (Dev, 1975; Jones & Malik, 1992; Julesz, 1971; Marr & Poggio, 1976 , 1979 Pollard, Mahew, & Frisby, 1985) , and many of these types of models simply treat unpaired regions as noise, determining their location only after they have solved the correspondence problem (Baker & Binford, 1981; Geiger, Ladendorf, & Yuille, 1995; Watanabe & Fukushima, 1999) . Recently, however, some models have proposed various techniques that explicitly compute and use unpaired regions to enhance depth discontinuities. Belhumeur and Mumford (1992) and Belhumeur (1996) proposed a model for stereopsis within a Bayesian framework that can directly represent and compute unpaired regions (which they call half-occluded regions). Grossberg and McLoughlin (1997) and McLoughlin and Grossberg (1998) developed a stereo disparity model to specifically solve the problem of depth perceived for half-occlusions.
It is important to note, however, that with the stereograms presented here the unpaired region is not seen as an element in depth, but appears contiguous with the background. The gap indicates the presence of a depth step, without being assigned a depth per se. This is different from the situations in which unpaired regions or elements themselves are seen in depth. Given that most of the computational models of stereopsis that directly attempt to identify unpaired regions attach a specific depth to those regions (Grossberg & McLoughlin, 1997; McLoughlin & Grossberg, 1998; Watanabe & Fukushima, 1999 ), those models cannot account for the effect of the unpaired regions present in our stimuli. Bayesian models (Belhumeur, 1996; Belhumeur & Mumford, 1992) should be capable of simulating the correct percept from our stimuli, but this would depend on the construction of a prior model from local scene geometry (including surface orientation) so the model would in effect apply a minimum-slant constraint. Very recently, Grossberg and Howe (2003) have proposed a cortical model of stereopsis to account for the percepts generated by the simplest versions of the monocular gap stimuli (those in which the width of the solid panel is equal to the sum of the widths of the separate panels). In these cases the inner edges of the panels appear adjacent for one eye, and separated for the other. It would be interesting to apply their model to situations where the panels appear to overlap for one eye.
What types of cortical cells could mediate the detection of unpaired regions? The cells must receive input from both eyes, and should respond strongly when features are present in one eye but are absent in the other. Ohzawa and Freeman (1986, see their Fig. 12 ) found a few (8%) strongly ''monocular'' simple cells in cat visual cortex that show an inhibitory, phase-independent response to stimulation of the non-dominant eye. These cells responded strongly to stimulation of the dominant eye alone, but showed little response to stimulation of the non-dominant eye alone. However, the strong response generated by stimulation of the dominant eye was significantly reduced when the nondominant eye was also stimulated. These cells could potentially signal the presence of a depth step associated with an unpaired region and, because their response also signals which eye is stimulated, they are also capable of signaling the direction of the depth step. While these cells may indicate the presence and direction of a depth discontinuity, they can provide little information about the magnitude of the depth step because, as we have shown, there is no simple relationship between the properties of the monocular gap and the perceived surface layout. Subsequent processing would have to integrate information from these cells with information from cells responsive to other features of the stimulus (e.g. outer edge disparity) and apply constraints in a highly sophisticated manner.
In summary, there appears to be no direct relationship in monocular gap stereograms between the outer edge disparity and perceived surface layout, or between the properties of the gap and perceived surface layout. The visual system seems to combine depth information derived from both these parameters in a sensible way to devise an ecologically plausible surface layout solution that is entirely consistent with the geometric constraints of the stimuli. The results for all stimuli used in these experiments can be explained by the application of a minimum-slant constraint that takes into account both the outer edge disparity and the properties of the monocular gap. An abutting/equal width constraint can explain the results for stimuli that generate the percept of non-overlapping panels, but it fails to account for the situation in which the panels are overlapping.
These results reveal the sophistication of stereopsis as a process of surface recovery in which a uniocular feature is used to indicate two distal surfaces separated in depth. It is noteworthy that depth is seen at a location where there is no disparity signal and even when there is no disparity signal anywhere in the fused stimulus. While all such stimuli are ambiguous the resolution can be tightly and reliably determined by imposed constraints. It is possible that conventional stereopsis may be a similar process to other forms of surface recovery, but one that requires fewer imposed constraints because of the greater constraints within the stimulus itself.
